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Early prostate cancer detection and treatment are of major importance to reduce mortality rate. magnetic resonance (MR) imaging
provides images of the prostate where an early stage lesion can be visualized. The use of robotic systems for MR-guided inter-
ventions in the prostate allows us to improve the clinical outcomes of procedures such as biopsy and brachytherapy. This work
presents a novel MR-conditional robot for prostate interventions. The minimally invasive robotics in an magnetic resonance imaging
environment (MIRIAM) robot has 9 degrees-of-freedom (DoF) used to steer and fire a biopsy needle. The needle guide is positioned
against the perineum by a 5 DoF parallel robot driven by piezoelectric motors. A 4 DoF needle driver inserts, rotates and fires the
needle during the procedure. Piezoelectric motors are used to insert and rotate the needle, while pneumatic actuation is used to fire
the needle. The MR-conditional design of the robot and the needle insertion controller are presented. MR compatibility tests using
T2 imaging protocol are performed showing a SNR reduction of 25% when the robot is operational within the MR scanner.
Experiments inserting a biopsy needle toward a physical target resulted in an average targeting error of 1.84 mm. Our study
presents a novel MR-conditional robot and demonstrated the ability to perform MR-guided needle-based interventions in soft-tissue
phantoms. Moreover, the image distortion analysis indicates that no visible image deterioration is induced by the robot.
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specific design(s) and recommendation(s). tance. Therefore, efficient techniques for diagnosing and
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treating prostate cancer are essential. The most common
clinical method for prostate cancer diagnosis is the
transrectal ultrasound (TRUS)-guided biopsy, where a
needle is inserted into the prostate to collect tissue
samples for a clinical analysis. TRUS-guided biopsy has a
cancer detection rate of only 40% [2]. An early stage
tumor in the prostate is usually an isoechoic lesion and
cannot be visualized in ultrasound images. Magnetic
resonance (MR) imaging offers an enhanced visualization
of the prostate, in which an early stage lesion can be
localized. MR-targeted biopsy with fusion of MR and
TRUS imaging is a promising practice and can present
better results when compared to traditional TRUS-guid-
ed prostate biopsy, but still requires further clinical
validation [3-5]. On the other hand, MR-guided prostate
biopsy offers the possibility of a more precise targeting
than TRUS-guided with less needle insertions [2,6].
However, MR-guided interventions face several chal-
lenges, such as space constraints and electromagnetic
(EM) compatibility of all devices located in the MR
scanner room.

One of the most common guideline currently in use in
Europe for MR-guided prostate biopsy requires manual
alignment of the needle guide toward the suspected le-
sion [6-8]. The clinician places the needle guide in the
patient’s rectum. An MR imaging scan is performed and if
the needle guide is not aligned toward the suspected
lesion, the clinician manually repositions the needle
guide. This procedure is repeated until the needle guide
is correctly aligned. Manual alignment of the needle
guide makes MR-guided prostate biopsy a time-con-
suming procedure [8]. Moreover, manual insertion of the
needle does not allow correct deviations in the needle
path due to tissue deformation and needle deflection.
Needle deflection in MR-guided prostate biopsy is a
major issue and the most significant cause of targeting
error [9].

The current work presents a robotic system for
transperineal prostate biopsy under MR guidance
(Fig. 1). The transperineal approach is chosen due to the
lower risk of sepsis and the possibility to access a greater
proportion of peripheral zone in comparison with
transrectal approach [10]. The proposed system has 9
degrees-of-freedom (DoF) capable of steering a biopsy
needle toward the suspected lesion and removing tissue
samples under the supervision of the clinician.

1.1. Previous work

Robots for MR environment have been the subject of a
few state-of-the-art review papers [2,11]. In this section,
we focus on robots devoted to needle-based interven-
tions in the prostate. The simplest approach developed
for MR-guided prostate biopsy uses a grid template to
position the needle guide and orient the insertion
[12,13]. However, these devices have limited accuracy
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Fig. 1. Minimally invasive robotics in an magnetic resonance
imaging environment (MIRIAM) robot is a 9 DoF MR-condi-
tional system designed for needle-based interventions in the
prostate. The system is capable of inserting, rotating and firing
a biopsy needle to collect tissue samples. The user operates the
robot from a graphical user interface within the control room.
The control tower contains the motor drivers and the real-time
controller which is also located in the control room. The pre-
operative path planner and steering algorithm are integrated in
the system to achieve a targeting error lower than 2.50 mm.

and are difficult to operate due to the space constraints
inside the MR scanner [3]. Several robotic systems were
proposed to facilitate MR-guided prostate biopsy. These
robotic systems can be differentiated into two main
groups: (1) Systems with manually controlled needle
insertion; (2) Systems with automated needle insertion.
In the first group, the robot controls the position of
the needle guide and the clinician manually inserts the
needle. In the second group of robotic systems, the
needle guide is robotically positioned and the robot
inserts the needle.

In the first group of robotic systems for prostate
interventions, Schouten et al developed a pneumatic
positioning device for transrectal manually controlled
prostate biopsy [8]. Stoianovici et al. presented a system
for endorectal prostate biopsy composed of a passive
arm and an actuated 3 DoF probe. The system was used
to orient the needle guide using a pneumatic stepper
motor [3]. The pneumatic stepper motor was developed
to cope with problems stabilizing and overshoots
inherent to pneumatic actuation [14]. The robot was
tested both in vitro and in animal studies. Krieger et al
presented 2 DoF robotic system used to orient the needle
guide and an endorectal probe for prostate interventions
[15]. Tadakuma et al. proposed a parallel manipulator
based on dielectric elastomer actuators to orient the
needle guide during manual needle insertion into the
prostate [16]. However, in these robotic systems, devia-
tions from the intended needle path cannot be corrected,
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since the needle is manually inserted. Moreover, manual
insertion requires moving the patient out of the scanner
bore to insert the needle, which is not required if an
automated needle insertion is adopted.

In the second group of robots, Goldenberg et al
proposed a tele-operated MR-compatible robot for nee-
dle insertion with 5 DoF for transperineal prostate
interventions [17]. The robot was actuated using non-
magnetic motors and the user could manually control the
insertion using a joystick. Van den Bosch et al. developed
a robotic system for prostate seed implantation with
automated needle insertion using pneumatic and
hydraulic actuation [18]. Muntener et al. presented
another robotic system for transperineal prostate seed
implantation using pneumatic stepper motors [19]. The
robot was tested in canine studies for prostate seed
implantation and the average targeting error was
2.5 mm. Fischer et al. also proposed a pneumatic robot
for prostate interventions with automated needle inser-
tion [20]. Su et al presented a robot with a similar
architecture using piezoelectric motors [21]. The system
had 5 DoF and was designed for general prostate inter-
ventions rather than a specific clinical application.

These previous studies with robotic systems for MR-
guided prostate interventions were performed in open-loop
and needle deflections were not taken into account. The
work presented by Patel et al. is one of the few dealing with
closed-loop needle steering [22]. However, the experiments
were performed with a solid Nitinol wire and the focus of
their study is on the needle tip tracking algorithm. Needle
steering techniques can be used to correct the needle path
in a closed-loop manner [23,24]. In this work, we adapt the
techniques developed in our group for flexible bevel-tipped
needles [25] to steer a clinically approved biopsy needle
toward a target.

1.2. Contributions

This paper presents a novel 9 DoF robotic system for
MR-guided transperineal prostate biopsy. The robot
combines the high precision of piezoelectric actuation for
needle placement and a pneumatic actuation to remove
tissue samples. The system architecture and workflow
are outlined by extensive clinical inputs. The system is
able to perform fully automated prostate biopsies under
clinical supervision. The multiple DoF of the robot allow
us to position and orient the needle guide along the
perineum. To the best of our knowledge, our work is the
first one to integrate an MR-conditional robot, a preop-
erative planning, a needle tip tracking and a steering
controller in order to compensate for undesired devia-
tions due to needle deflection and tissue deformation.
The current study aims to evaluate the overall func-
tionality of a novel MR-conditional robot, such as MR-
compatibility, steering capability, needle insertion accu-
racy and tissue removal. MR-compatibility tests and
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needle steering into phantom tissues are presented to
validate the proposed system.

2. Magnetic Resonance Conditional Robot Design

This section describes the system requirements defined
for a robot-assisted transperineal prostate biopsy, the
mechatronic design of the robot and the control archi-
tecture.

2.1. System requirements

The system requirements are defined based on clinical
inputs and are divided into two main groups: robot
workspace and needle insertion requirements.

o Workspace — The workspace is defined by the an-
thropometric data of a patient in semi-lithotomy po-
sition. The prostate is consider to have sizes around
40 x 30 x 30mm and center located at 70 £ 20 mm
beneath the perineal skin [26]. The space between the
patient legs and the prostate location are used to de-
fine the range of robot movement [27]. The summary
of the workspace requirements are presented in
Table 1.

Table 1. Workspace requirements for transper-
ineal MR guided prostate biopsy.

Requirement Range
Translation in x-direction (Fig. 2) —12-12mm
Translation in y-direction 50-120 mm
Translation in z-direction 0-50 mm
Rotation around vertical axis —15-15°
Needle insertion —30-150 mm
Needle rotation 00

I Rod #1
I Rod #2
[ Rod #3
I Rod #4
I Rod #5

Rod’s

movement
®

1\ Horizontal motion (x-axis)

Vertical motion (y-axis)

Fig. 2. The robot movement is provided by extending and
retracting five rods. The extension and retraction of the rods
allow the robot to move the needle along the Cartesian axis and
rotate it around the vertical and horizontal axis.
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e Needle insertion requirements — The insertion

requirements are defined based on our prior experi-
ence with needle steering. The robot must insert the
clinically approved biopsy needle (MR-Clear Bio-Cut,
Sterylab, Milan, Italy) for MR-guided interventions.
The maximum insertion velocity is set to be 20 mm/s
with a maximum insertion force of 18N [28]. The
robot should be capable of rotating the needle during the
insertion to correct for deviation from the intended path
and achieve a targeting error lower than 2.50 mm. The
maximum targeting error is determined based on the
smallest clinically significant tumor in pathology (diam-
eter of ~ 5mm) [29]. The tissue sample is collected by
firing the biopsy needle. The robot must be able to
generate a force of 30 N in order to cut the tissue sample.

2.2. Robot design

The development of the robotic system is divided into
two main tasks: the parallel robot design and the needle
driver design. The MIRIAM robot consists of a 5 DoF
parallel robot to position and orient the needle guide
(Fig. 3) and a 4 DoF needle driver to insert, rotate and
fire the biopsy needle.

2.2.1. Parallel robot

The 5 DoF parallel robot contains 5 adjustable length
rods which allow translations in the three Cartesian axes
and two rotations (around x- and y-axis). Each rod is
actuated by a nonmagnetic, piezoelectric motor (HRZ,
Nanomotion, Yokneam, Israel) which is radially mounted
onto a ceramic driving wheel attached to a hard anodized
aluminum spindle. Rod lengths are measured by optical
incremental rotary encoders (EM1, US Digital, Vancouver,
USA). The rods are attached to a static ceramic frame at
one end and to the needle driver at the other end. The
parts of the robot are constructed from plastics such as
polyetheretherketone (PEEK), polyoxymethylene (POM),
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nylon, acrylic glass and Iglidur. The parts of the robot
that require high stiffness are constructed from carbon
filled PEEK and carbon reinforced tubes, such as hous-
ings for the piezoelectric motors and the rods, respec-
tively. The robot frame is constructed of light-weight
ceramic bars. Together with ceramic plates, these bars
form a one-piece glued assembly which is protected by
3D printed covers (Fig. 3). The design of the parallel
structure allows the robot to move within the workspace
specified in Sec. 2.1. In addition, the robot is also able to
rotate around x-axis (horizontal axis) between —5° and
15°. Moreover, the maximum range of the reachable
needle tip workspace in the x-axis is 74 mm and 103 mm
in the y-axis. Please refer to the accompanying video that
demonstrates the robot motions. This workspace guar-
antees that the robot is able to place the needle guide
along the entire perineum in the required pose and reach
the entire prostate even considering significant variation
in prostate size and location. The needle guide contains a
fiducial marker to locate the robot with respect to the
coordinate frame of the MR scanner. Moreover, there are
three pins under the robot base that fit onto the MR table
and lock the base of the robot. Therefore, the robot is
always aligned with the coordinate frame of the MR
scanner. It is important to mention that the needle guide
can be detached from the robot to be sterilized. A sur-
gical drape can also be used to protect the robot and
meet the sterilization requirements.

2.2.2. Needle driver

The needle driver inserts, rotates and fires the biopsy
needle. The insertion is achieved by a piezoelectric motor
(HR8, Nanomotion, Yokneam, Israel) mounted onto a
ceramic stage (Fig. 3). The maximum insertion depth is
150 mm, which is measured by a reflective optical
encoder (LIK41, Numerik Jena, Jena, Germany). The
needle rotation is provided by another piezoelectric motor
(HR1, Nanomotion, Yokneam, Israel) axially mounted in a

T2 Protective cover Adjustable rods Needle driver
A(lT’ Ceramic bars / —
. 223 Robot frame Piezoelectric
Patient ; AT’ motor Ceramic stage
frame Adjustable rods

Needle guide
S |
\ /.
-1 ¢ Needle
-a S— =
Fiducial /

\MR bed clamp

Robot base

Carbon tubes

Piezoelectric motor (rotation)
Piezoelectric motor (linear motion)

Fig. 3. The left image shows the MR-conditional robot for prostate biopsy and its principal components. The x-, y- and z-axis
correspond to the Axial, Coronal and Sagittal planes, respectively. The adjustable rods are used to place the needle driver at the
correct insertion location. The needle driver inserts and rotates the needle using piezoelectric motors, and fires the needle using

pneumatic actuation.
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ceramic driving disk. The needle can rotate along its own
axis of insertion with a maximum speed of 160 RPM. An
optical encoder (EM1, US Digital, Vancouver, USA) mea-
sures the needle rotation, which is important to steer the
needle toward the target region. After the needle reaches
the target region, the driver fires first the stylet and then
the cannula to collect a tissue sample. Both the stylet and
the cannula are fired by pneumatic actuators. Air-oper-
ated pneumatic valves (sys5440, SMC, Tokyo, Japan)
pressurize the two cylinders of the needle driver (Fig. 3).
The force exerted during the biopsy can be controlled by
changing the air pressure of the pneumatic system in the
control tower.

2.3. Robot controller architecture

The clinician supervises the robot operation through a
GUI running on a computer inside the control room
(Fig. 4). During the preoperative planning, the GUI allows
the clinician to load and navigate via the MR images in
order to define the target location. The preoperative

Register Control

Load DICOM
Set Target
Set Entry
Set Fiducial
Set Obstacle

Done

(1)

Slice# 19 / 28
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images are also used to detect the fiducial located at the
needle guide (Fig. 3) and define the robot position with
respect to the patient coordinate frame. The clinician’s
commands are sent to the robot’s low-level controller
running on a computer equipped with a PCI-6602
counter card and a PCI-6713 analog output card (Na-
tional Instruments, Austin, TX, USA) which is placed in
the control tower. The control tower also contains the
piezoelectric drivers (AB1A Driver Amplifier, Nanomotion,
Yokneam, Israel). The flowchart with an overview of the
robot controller architecture is presented in Fig. 5. The
communication between the control tower and the robot
is done through shielded electrical cables and pneumatic
hoses (10 m long). The control tower is located in the
control room to avoid EM interference in the MRI scanner.

3. Needle Insertion Control

In this section the method used to control the insertion
of a clinically approved biopsy needle is presented. The

2 (mm)
5 o

Inserton steps
(1/1): Rotate to -90° and then set

K| | i
Main | Extra
: . . (4)
Manual Needle Localization Entry Point Diff Target Point -~ Needle Tip Point —Needle
oy
Indicate Needle Indicate Needle x o 0 R (ﬁ x |0 x |0 Rotation |0
y |0 0| Ry y 0 y 0 Insertion 0
z 0 Rz zZ 0 zZ 0 Set / Go
Planning
Set / Go (7 )
Homing Program Calc Entry ... Update Path
Biopsy
flome v eoiter - (5)
Take Biopsy Release Biopsy
Robot Status
Open BEAT ...

MIRIAM robot

Fig. 4. The graphical user interface (GUI) used by the clinician to control the MIRIAM robot operation. (1) The interface used to
navigate through the MR slices and define the obstacles and target location. This information is used to run the preoperative planner
(2), which defines the best entry point. The user can supervise and control the needle entry position (3) and the needle insertion (4).
When the needle reaches the target, the pneumatic actuation is used to collect the tissue sample (5).
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Fig. 5. (a) The user supervises the MIRIAM robot operation through a GUI inside the control room. The user commands are sent to
the Real-Time Simulink PC located in the control tower. The communication between the control tower and the robot is done
through shielded cables. (b) During the robot initialization, the zero position of all motors and the position of the robot in the patient
coordinate frame are detected. The preoperative planner uses the target location selected by the user to define the needle entry
point. The information about the entry point is used to calculate the desired length of each rod. The insertion starts after the robot
places the needle driver in the correct entry point. The steering algorithm defines the needle rotation (Rot) and insertion step (Ins).
The needle tip is tracked and the operation repeats until the target is reached. The needle is fired when the tip reaches the target

location. For safety reasons, the clinician supervises the entire operation and can abort the procedure at any time.

preoperative planning used to define the needle entry
point is presented. This is followed by the steering con-
troller used to keep the needle on the desired path and
the MR-based needle tip tracking algorithm.

3.1. Preoperative planning

The preoperative planner defines the best needle entry
point based on information such as the needle deflection
model and the location of obstacles and targets. The
planner uses the information about the insertion envi-
ronment provided by preoperative images. An insertion
environment is constituted by: (1) Insertion region; (2)
Obstacles; (3) Targets. A rotation minimization algorithm
(RMA) calculates the shortest path based on the kine-
matics of the needle deflection. If the RMA cannot find a
path, a random path generator (RPG) selects the best
possible path (Fig. 4). The planner considers the needle
deflection as a circular motion in the direction of the
bevel tip angle. In our previous work with flexible nee-
dles noninvasive techniques were used to estimate the
needle deflection model, a similar procedure can be ap-
plied for in vivo experiments [25]. In both approaches the
path from the target to the insertion region is computed
to guarantee that the target is always reached.

3.1.1. Rotation minimization algorithm

The RMA defines a path which reduces both needle
rotation and insertion length to minimize tissue damage.
The algorithm defines a path direction along the minimal
distance (d) connecting the insertion region (Z;,,) and
the target (T, € SE(3)). In the current implementation,
the path direction is on a plane parallel to the xz-plane,

since robot rotations about the horizontal axis have been
restrained. The needle path is computed along the path
direction using the needle deflection model. An axial
needle rotation is applied every time a semi-circumfer-
ence is completed to minimize the total amount of
rotation. The planned path (P) is then represented
by a sequence of points along the needle path, such
as P = [py, ps,-..,p;] where p; € R3 are the coordinates
of each point on the path. In the presence of obstacles or
no-go zones in the insertion environment, the planned
path has to be checked for obstacle collisions. If a colli-
sion occurs, sub-optimal paths are computed by incre-
mentally rotating the original path about the z-axis. If the
RMA cannot find an optimal nor a sub-optimal solution
that respects robot constraints and obstacle avoidance,
the RPG algorithm is used.

3.1.2. Random path generator algorithm

The RPG algorithm is used when no possible path is
found by the RMA. The algorithm is based on the well-
known concept of the rapidly exploring random tree.
However, instead of sampling points in the 3D space, our
algorithm samples the needle rotations (inputs). The
algorithm expands a random tree (7) from the target
location to the insertion region (Z;,;) by randomly sam-
pling needle rotations and using the needle deflection
model to expand the branches.

The length of the branches is defined as the total in-
sertion depth divided by the number of intermediate
points where the needle can be rotated. In order to avoid
excessive needle rotations, a probability (p) of needle
rotation is defined at the end of each branch. In this
work, p is set to 10%. Increasing the probability of
rotation will result in a higher path viability, but it will
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Fig. 6. Flowchart of the RMA. The insertion point is deter-
mined by computing the shortest linear path between the target
and the insertion region. The needle deflection model is used to
create the needle path (optimal path). If a collision occurs the
path is rotated about its own direction and about the z-axis. The
process is repeated iteratively and the shortest path is chosen.
If the algorithm is not able to choose a path or if the chosen
path violates the robot constraints, the RPG is used.

also raise the total number of rotations. The explored
tree (7) is composed of at least 3000 candidate paths. A
path is considered a candidate if it crosses the insertion
region (Z;,;) and if no obstacle collision occurs. The path
with less amount of needle rotation is extracted from the
tree and the insertion point and angle are calculated. The
planned path (P) is a sequence of Cartesian points (p;),

Cross-sectional view
of the needle tip
Robot cgordinate frame
i
L Needle
Ii ns

Obstacle
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which are used by the needle steering control to reach
the target.

3.2, MR image-based needle tracking

During the procedure, the needle insertion is divided in
iterative steps. At the end of each iteration an MR scan is
performed. Our tracking system processes MR images
and estimates the needle tip position and orientation.
The image dataset of axial slices is loaded to the GUI and
displayed on the screen. The resulting images provide a
radial cross-sectional view of the needle, which has a
circular shape. The user selects the last MR image slice
with a visible cross-sectional view of the needle, corre-
sponding to the needle tip (Fig. 7). A series of image
processing techniques, such as adaptive histogram
equalization and thresholding, are used to determine the
centroid of the cross-section view, which is defined as the
needle tip position (py, € R?). The tracking algorithm
estimates the needle tip orientation using a vector
(m € R3) defined by the difference between needle tip
position (py,) and a needle shaft point (pg,. € R?) as

Ax

m= | Ay | = pyp
Az

— Pshafts

where Ax, Ay and Az are the coordinates in the Carte-
sian axes. The needle shaft point (pg.¢) is determined
from the image slice located 3 mm behind the needle tip

Image processing

Needle tip |
|
Adaptive hlstogram Inversion and I
equalization thresholding |

Fig. 7. The MR image based needle tracking uses axial image slices to localize the needle tip position and orientation. The images
provide a cross-sectional view of the needle and a series of image processing techniques are used to estimate the centroid of the
needle tip. The needle orientation is estimated also using the position of the needle shaft in the slice 3 mm behind the needle tip. The
steering algorithms uses the needle tip position, orientation and a needle deflection model to calculate the next path points (p)

where the needle should be rotated. A cost function based on the path points (p, p,,. -

.,pn) and the pre-planned path points (p,,

P2 - - ,Ps) is used to define the best possible path and the sequence of needle rotations.
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(Fig. 7). The in-plane accuracy is =£0.25mm, which
results in an orientation error of +4.8°. The needle ori-
entation is given by the rotations around the Cartesian
coordinate frame. The rotation around the x-axis () and
around the y-axis (¢) are computed by

Az
f~tan ! —

Ax
and ¢~tan"!——. 1
0 oW
The needle tip rotation about the z-axis is determined
from the needle rotation motor. The estimated needle tip
position and orientation are used by the steering algo-
rithm to correct the needle path during the insertion.

3.3. Needle steering controller

Needles with asymmetric bevel tips naturally bend when
inserted into soft tissues. This bending effect is used to
steer the needle toward a target by applying axial rota-
tions. In our previous work, needle rotations were
applied every second to align the bevel tip toward the
target during ultrasound-guided needle steering [25]. In
MR-guided needle, steering this technique might not
work properly since the image acquisition rate is at
least 20 times lower than ultrasound. A needle steer-
ing controller that only aligns the bevel tip toward the
next path point can result in unreachable subsequent
path points. Therefore, the needle rotation should be
computed taking into account all path points ahead of
the current needle tip (Fig. 7). The controller com-
putes thousands of paths from the current needle tip
(pup) until the target location. The sequence of needle
rotations that minimizes a cost function (J) is chosen.
In this work, the cost function is defined to guarantee
that the needle will follow the pre-planned path and
reduce the final targeting error. The cost function is
defined as

n—1
J=Kilp, —pul+ Y _ Ipi— i, (2)
=1
where p; € R? are the pre-planned path points, p; € R3
are the path points defined by the steering algorithm, i
is the path point index, n is the total number of path
points from the current needle tip location to the
target and K; is a weighting factor for the final
targeting error, which is set to 4 in this work. The
algorithm is used to steer the needle during MR-
guided steering experiments.

4. Experimental Results

In this section, we first assess the accuracy of the needle
guide placement. We also present the MR-compatibility
evaluation and the needle steering experiments.
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The clinically approved needle is inserted toward a
physical target embedded in a soft-tissue phantom.

4.1. Accuracy of the needle guide placement

The needle guide is placed against the phantom at the
desired insertion position and orientation. The ac-
curacy of the needle guide motion along the Cartesian
axis is evaluated outside the MR scanner using an
Aurora v2 EM tracker (Northern Digital Inc., Water-
loo, Canada). The 6 DoF probe is placed inside the
needle guide and the robot is moved to 20 different
positions along the workspace. The robot motion
is calculated by the difference between the final
robot position and the initial robot position, both
measured using the EM tracker. The initial and final
robot positions are computed by the average of 100
samples.

The mean error and the standard deviation along the
x-axis is 0.14 £ 0.12 mm (Fig. 2). Along the y- and z-axis
the mean errors and their standard deviations are re-
spectively 0.17 +0.14mm and 0.04 £0.50mm. The
errors in the rotations about the x-, y- and z-axis are
0.011 £+ 0.021, 0.021 + 0.001 and 0.032 + 0.044rad,
respectively. It is important to notice that the motion
errors are lower than the accuracy of the EM tracker,
which shows that the robot positioning error is lower
than the accuracy of the system.

4.2. MR compatibility evaluation

The MIRIAM robot is intended to work in the MR envi-
ronment, thus MR compatibility tests are important to
validate the robot design. The standard F2503-05 of the
American Society of Testing and Materials (ASTM)
defines the following three types of MR compatibility
labels [3]:

e MR-Safe: A system that poses no known physical risks
in all MR environments. This label can only be
achieved if the system has no electrical actuation nor
metallic parts.

e MR-Conditional: A system that has been demonstrated
to pose no known hazards in a specified MR environ-
ment with specified conditions of use.

e MR-Unsafe: A system that is known to pose hazards in
the MR environment.

The design of the MIRIAM robot uses piezoelectric
motors and encoders in order to achieve precise motions.
Therefore, the robot is labeled as MR-Conditional.
An important aspect of MR compatibility is the amount of
image degradation caused by the robot. An analysis
based on SNR is used to quantify the amount of noise
induced by the robot in MR images.
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4.2.1. Signal-to-noise ratio analysis

The SNR is evaluated in an MRI Scanner MAGNETOM
Aera (Siemens AG, Erlangen, Germany) with the Body18
coil and using T2 Turbo Spin Echo (TSE) imaging
protocol. The slice thickness is set to 3.0 mm, field of
view (FoV) of 200mm x 200 mm, echo time of 1.01s,
repetition time of 7.50 s and acquisition time of 4.5 min.
An homogeneous phantom with dimensions 160 mm x
160 mm is used in the SNR analysis experiments. The
phantom is prepared with a mixture of 85% water and
15% gelatin (Dr. Oetker, Ede, The Netherlands). The SNR
is calculated as the mean pixel intensity of a region in the
center of the phantom divided by the image noise outside
the phantom. The noise outside the phantom is calcu-
lated as the average of pixel intensity in the four corners
of the MR image divided by 1.25 [21]. The following
configurations are used in the SNR evaluation:

(1) Baseline.

(2) Phantom and MIRIAM robot powered off.

(3) Phantom and MIRIAM robot powered on.

(4) Phantom and MIRIAM robot with the piezoelectric
motors running.

In the last three configurations, the robot is placed with
the needle guide in contact with the phantom edge. For
each configuration the SNR is calculated in 25 coronal
images. The results are presented in Fig. 8. The SNR
drops 16% when the robot is placed inside the scanner
and drops 25% when the robot power is turned on. In
the last configuration, the SNR reduces 27% when the
insertion and rotation motors are running. The robot
architecture with the piezoelectric motors away from the
needle guide (i.e., away from the imaging area) and the
EM shielding resulted in a reduced level of induced noise.
However, the SNR analysis alone cannot fully assess the
image deterioration due to the presence of the robot
inside the MRI scanner.

500f
= 100%
400 = 849%
i
& 3 —— 75%
“ MIRIAM Robot == T 3%
300f -
“& Phantom
e
%‘F‘iﬁfil L T Image
200f LN slice
BL Off On Run

Fig. 8. The signal-to-noise ratio (SNR) analysis is presented. The
SNR is calculated in four different configurations: Baseline (BL),
robot powered off (Off), robot powered on (On) and robot running
(Run). The red line is the median of the 25 SNR measurements, the
edges of the blue box are the 25th and 75th percentiles. The error
bars extend to the most extreme data points.
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4.2.2. Image distortion analysis

In addition to the SNR analysis, the image distortion is
also analyzed using a method based on a deterioration
factor. The image deterioration factor defined by Stoia-
novici [30] is used to evaluate the image distortion due
to the presence of the robot. The analysis is divided into
one passive and two active tests. The three tests are
defined as

o Passive test (P) — Represents the noise induced by the
presence of the robot in the scanner. It is calculated
based on the difference between: (a) images with the
robot powered off and (b) images without the robot.

e Active test #1 (A1) — Represents the noise induced by
powering the motors on. It is calculated based on the
difference between: (a) images with the robot powered
on and (b) images with the robot powered off.

e Active test #2 (A2) — Represents the noise induced by
running the motors. It is calculated based on the dif-
ference between: (a) images with the motors running
and (b) images with the robot powered on.

The deterioration factor for each axial image slice is
calculated as

X=Ty
r=r a b\2
100 -
el(z) = —— (P = P)? for T € {P,A1,A2}, (3)
22pa Tty
x=1
y=1

where p%, and p,’iy are the pixel intensity values of the
two MR images for each test, p, is the pixel depth, r, and
r, are the image resolution values and z is the distance of
the image slice to the robot.

The deterioration factor is calculated for the axial
images of a gelatine phantom containing eight randomly-
located spherical objects with diameters between 6 mm
to 8mm. The spherical objects are made of polyvinyl
chloride (PVC) and the phantom has the same gelatine
concentration as the one used in the SNR analysis. Axial
images of the phantom are acquired using T2-TSE im-
aging protocol with a FoV of 160 mm by 160 mm, echo
time of 1.5s, repetition time of 8.50s and the slice
thickness is set to 1.0 mm.

The variations of the deterioration factors are plotted
in Fig. 9. The deterioration factor reduces as the distance
between the image slice and the robot increases. The
total amount of interference induced by the robot is
evaluated based on a global deterioration factor. The
global deterioration factor is defined as the average
values of the deterioration factor minus a baseline factor.
When the passive global deterioration factor is lower
than 2% and the active global deterioration factor is
lower than 1%, the interference can be considered
minimal or unobservable [30]. In our case, the deterio-
ration factors are always lower than these limits, which
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Fig. 9. The image deterioration factor for the three tests
versus the distance between the images and the robot. The red
line represents the passive test (e”). The green line is the active
test with the motors powered on but without motion (e4!).
While the blue line is the deterioration factor of the active test
with the piezoelectric motors running (e42).

means that our system does not induce any interference
perceivable by radiologists.

4.2.3. Geometric distortion analysis

The geometric distortion is defined by the NEMA stan-
dard MS 2-2008 as the maximum percent difference
between measured distances in an image and the
corresponding ground truth dimensions. A phantom
containing 6 pins is prepared to evaluate the geometric
distortion induced by the MIRIAM robot. The pins are
made of Acrylonitrile Butadiene Styrene (ABS) and the
distances between the pins are known. The pins are
embedded in a phantom prepared with a mixture of 85%
water and 15% gelatin (Dr. Oetker, Ede, The Nether-
lands). Each distance is measured in 24 different MR
images and the average values are reported. The dis-
tances used in this analysis are illustrated in Fig. 10 and
the percent differences are presented in Table 2. The
maximum difference (0.82%) appears when the motors
are running. These results show that the geometric dis-
tortion induced by the MIRIAM robot is negligible. Fur-
thermore, the reduced amount of induced noise, image
distortion and geometric distortion allow us to use the
MR images as feedback to control the needle insertion.

Fig. 10. Representative MR image used in the geometric dis-
tortion analysis. A set of 24 MR images of a gelatin phantom
with six embedded pins are used to evaluate the geometric
distortion. The yellow lines represent the measured distances.

ISSN: 2424-905X

Table 2. Geometric distortion evaluation: percent differ-
ence between the measured distances and ground truth.

Motors

Baseline Robot off Robot on running
L4 [%] 0.30 0.05 0.05 0.15
Ly [%] 031 0.55 0.65 0.77
Ly 5 [%] 0.37 0.77 0.70 0.67
L, 5 [%] 0.04 0.35 0.29 0.38
Ly, [%] 058 0.49 0.82 0.82
Lsy_¢ [%] 0.02 0.24 0.10 0.11
Ly [%] 0.55 0.02 0.47 0.55
Loy [%] 033 0.69 0.44 0.38
Ly_s [%] 0.38 0.11 0.02 0.02
Mean 0.31 0.36 0.78 0.42

4.3. Needle steering experiments

The targeting accuracy is evaluated in six needle inser-
tions. A clinically approved 18-gauge biopsy needle (MR-
Clear Bio-Cut, Sterylab, Milan, Italy) is inserted toward
physical targets with 2 mm radius. The targets are made
of PVC and embedded in a gelatin phantom prepared
with a mixture of 85% water and 15% gelatin. Two
phantoms are prepared, each one with three spherical
obstacles and three targets. In transperineal prostate
biopsy, the regions to be avoided by the needle are
the urethra, anterior rectal wall and pelvic side wall.
In the current experiments, spherical obstacles (diameter
of 6 mm) are located halfway between the insertion
region and the targets to demonstrate the ability of
the system to handle obstacles. The target location
varies as (—39mm<x <25mm; 10mm <y < 19mm;
110 mm < z <138 mm) (Fig. 11). The needle curvature
is estimated in previous insertions and it is set to
1.5 x 10> mm~!. The insertion step length is set to
15 mm. The robot initial position (i.e., the fiducial loca-
tion with respect to the patient coordinate frame), the
obstacle and the target locations are defined by the user
using the preoperative images. The tracking algorithm
uses the same T2-TSE imaging protocol as in Sec. 4.2.2.
The results of the insertions performed in one soft-tissue
phantom is presented in Fig. 11. The targeting error is
defined as the Euclidean distance between the final
needle tip position and the center of the target. The av-
erage targeting error is 1.86 mm with a standard devia-
tion of 0.48 mm. This targeting error is three times lower
than the average targeting error obtained by experienced
clinicians in a phantom study reported by Blumenfeld
et al. °. It is important to highlight that in all six experi-
ments the targeting error is lower than the desired ac-
curacy defined in Sec. 2.1. In addition, the time spent for
each insertion is about 25 min, which is less than the
time required for the conventional manual procedure
currently being used in clinical practice and reported by
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Fig. 11. Experimental results: (a) Representative results of steering a needle toward a physical target while avoiding physical
obstacles. The green line is the needle path and the blue dash line is the preplanned path in three different insertions. (b) A coronal
MR image of one representative insertion. The inset figure shows the cross-sectional view of the final needle tip position. Please refer
to the accompanying video that demonstrates the experimental results.

Schouten et al. [8]. Furthermore, most of the insertion
time is a result of performing MR imaging scans (3.6 min
for each insertion step) and can be significantly reduced
using a real-time imaging protocol.

4.4. Tissue removal experiments

The pneumatic actuation used to fire the biopsy needle is
evaluated in ex vivo bovine tissues. The length of the
removed tissue in five collected samples are measured.
The average removed tissue length is 5.9 mm with a
standard deviation of 1.3 mm. Please refer to the accom-
panying video that demonstrates the experimental results.
It is important to notice that the length of tissue removed
from ex vivo tissues is smaller than in vivo due to the lack
of internal tissue pressure. Therefore, to assess the
robot’s capability of removing a tissue sample, the same
experiment is performed using the Acecut needle gun (TSK
Laboratory, Oisterwijk, Netherlands). An average tissue
length of 5.6 mm with a standard deviation of 0.8 mm is
obtained using the needle gun, which is similar to the results
using the MIRIAM robot. A t-test between the two groups
resulted in p = 0.77, which shows that there is no statistical
difference between the two groups.

5. Conclusions

In this study, we present an MR-conditional robotic sys-
tem for needle-based interventions in the prostate. The
robot has 9 DoF and it is able to position the needle guide
along the entire perineum using piezoelectric actuation.
The natural bending effect of the needle when inserted
into the tissue is used to steer it along a desired path. MR
images are used by the needle tracking algorithm to es-
timate the needle tip position during the insertion. The
needle rotation is calculated based on the needle tip
position and the desired path. The MR-compatibility

evaluation shows that the proposed system does not
induce any significant artifacts in the image. In the worst
scenario, with the piezoelectric motors running, the SNR
drop is only 27%. The accuracy of the needle tip place-
ment is tested in six insertions toward a physical target
while avoiding obstacles. The needle steering experi-
ments show an average targeting error of 1.84 mm. This
accuracy is 0.66 mm less than the desired accuracy de-
fined in the system requirements. Different aspects can
impact the targeting accuracy, such as target motion and
variations on the needle curvature. However, these fac-
tors can be mitigated by implementing a target tracking
and an online curvature estimation.

Future work will focus on implementing a real-time
MR imaging protocol. Such a protocol will allow us to
drastically reduce the time spent during an insertion. The
needle tracking algorithm will be improved for real-time
MR imaging. Real-time MR images have lower SNR than
T2 images, which makes the tip tracking a challenging
task. One possible solution is to use the information from
Sagittal and Coronal image slices to track the needle shaft
[22]. We will also investigate a model-based needle
tracking with the fusion of an adaptive needle deflection
model and the real-time MR images. Moreover, with real-
time imaging, an online curvature estimation will be
implemented to handle nonhomogeneous tissues. A tar-
get tracking using MR images and deformable models
will also be investigated. Additionally, it is planned to
perform experiments in biological tissues and cadavers.
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